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Introduction {#sec001}
============

As basic and common geological structures, faults are widely found in underground engineering. The slippage of faults is a common phenomenon of rock friction and can be divided into two different phenomena: smooth and sticky. Fault-slips are characterized by a two-disc lockout of the fault, and the stress continuously accumulates. When the stress reaches or exceeds the friction between the two plates, the fault suddenly slides, producing relative displacement and relieving stress. During recent years, as China's geotechnical engineering construction, e.g., mining resources, underground storage facilities, water conservancy, and hydropower, has gradually developed in deep underground and high stress areas, accidents such as roof collapse, landslides, water inrush, and impact ground pressure caused by engineering-induced fault slips have increased. Therefore, in-depth research on fault slip characteristics is of important practical significance for the prediction, prevention, and control of disasters in geotechnical engineering \[[@pone.0231464.ref001],[@pone.0231464.ref002],[@pone.0231464.ref003],[@pone.0231464.ref004],[@pone.0231464.ref005]\]

Fault slips are one of the hot topics worldwide in the field of seismic and geotechnical engineering, and numerous studies have been carried out. \[[@pone.0231464.ref006]\] conducted stick-slip experiments based on three structural models to explore the relationship between the type of stick-slip, the stress drop, and the magnitude. \[[@pone.0231464.ref007]\] studied the entire process of fault evolution from stable sliding to stick-slip. \[[@pone.0231464.ref008]\] explored the slow fault-slip mechanism through laboratory observations. In addition, \[[@pone.0231464.ref009]\] conducted a double-sided shear experiment to analyze the evolution characteristics of fault displacement during inter-slip periods and stick-slip periods. \[[@pone.0231464.ref010]\] studied the dynamic response of geological materials to acceleration, velocity, and displacement during fracturing and slippage under laboratory conditions. Furthermore, \[[@pone.0231464.ref011]\] established a discrete element model to simulate a single fault biaxial sliding test and used it to investigate the effects of rock particle elasticity, friction coefficient, fault stiffness, and normal stress on fault evolution. \[[@pone.0231464.ref012]\] conducted a dynamic direct shear test to study the effects of surface roughness and normal stress on the rock joint friction coefficient and micro-shear deformation mechanism. Through a similarity model experiment, \[[@pone.0231464.ref013]\] explored the movement law of the overburden strata under mining influences and the evolution of fault stress and analyzed the mechanism of fault reactivation caused by coal seam mining. In terms of theoretical research, based on gradient-dependent plasticity, \[[@pone.0231464.ref014]\] obtained the theoretical expression for the relative displacement of the fault zone along the observed trend. Based on a mechanical model of the stick-slip of a coal body relative to the top and bottom plates, \[[@pone.0231464.ref015]\] investigated the conditions of coal stick-slip and established a dynamic equation for the coal body after the occurrence of stick-slip. \[[@pone.0231464.ref016]\] studied the movement law of the double-slider system under different coupling stiffness conditions, obtaining the sliding mode of the slider system under strong and weak coupling conditions. In terms of numerical computations, \[[@pone.0231464.ref017]\] used the Lagrangian element method to study the influence of the loading rate on the stress level, the plastic zone size, and the snap-back characteristics of the fault band and elastic rock system. In addition, \[[@pone.0231464.ref018]\] used the Coulomb shear model to study the spatial and temporal evolutions of the normal stress and shear stress on the fault contact surface in the mining process as well as the movement law of the upper wall and footwall of the faults. According to micro-seismic mine data, \[[@pone.0231464.ref019]\] performed a back analysis of fault slip data using a three-dimensional numerical simulation of the entire well, obtaining the physical and mechanical properties of the shear band.

Although significant achievements have been made in fault slip research, deep underground engineering construction involving high-stress environments, the exploitation of large spaces, and rapid construction has been increasing in recent years. First, fault stick-slip is likely to occur in a high-stress environment. Second, exploitation of large spaces and rapid construction may cause a loading rate effect of the fault structure. Therefore, with respect to the influence of the loading rate on fault stick-slip, considerable and intense experimental research still needs to be performed to provide further experimental support for establishing theoretical models and for conducting numerical simulation of geotechnical engineering projects influenced by fault structures in deep underground or high-stress environments.

In this study, we use digital image correlation methods to accurately measure the deformation and displacement of rock specimens \[[@pone.0231464.ref020],[@pone.0231464.ref021],[@pone.0231464.ref022]\]. A charge-coupled device (CCD) camera and a high-speed camera were used to build an image acquisition system. Through analysis of the speckle field on the surface of the collected specimens using the digital speckle correlation method, a double-sided shear experiment was carried out to study the evolution characteristics of the displacement field, the slip displacement, the loading curve, the slip rate, the magnitude, and the stress drop of fault stick-slip at different loading rates.

Materials and methods {#sec002}
=====================

In this study, a double-sided shear experiment was conducted to explore the evolutionary characteristics of the fault stick-slip at different loading rates. [Fig 1](#pone.0231464.g001){ref-type="fig"} shows the dimensions, displacement boundaries, and loading conditions of the specimens. The rock material was granite with a shear modulus of approximately 25.7 GPa. The specimens used in the fault stick-slip experiment were three pieces of granite, including two fixed rock blocks and one sliding rock block. The dimensions of the fixed rocks was 300 mm × 50 mm × 50 mm (L × W × H), and those of the sliding block was 350 mm × 50 mm × 100 mm. The specimens consisted of two sliding surfaces (Sliding surface 1 and Sliding surface 2), the area of which was 0.015 m^2^ (300 mm × 50 mm). The sliding surfaces were polished using 300\# emery paper, and the artificial speckle field was sprayed on the observation surface of the model.

![Experimental model and specimen size.](pone.0231464.g001){#pone.0231464.g001}

The displacement boundary and loading conditions of the specimens were as follows. The horizontal displacement on the left side of the two fixed rocks was restricted, and the horizontal displacement on the right side was kept in a free state. Considering the actual stress state of the fault and the compressive strength of the rock specimen and based on the setting of the normal stress used in previous shear tests \[[@pone.0231464.ref023],[@pone.0231464.ref024]\], a constant vertical pressure of 25 MPa was selected to create stick-slip conditions. The left side of the sliding block was kept in a free state, and the right side was loaded using the displacement control loading method. According to the variation range of the displacement of the mining project, 18 experiments with 6 loading rates were designed and conducted (three experiments for each loading rate). The loading rates were 4 μm/s, 6 μm/s, 8 μm/s, 10 μm/s, 15 μm/s, and 20 μm/s.

The experimental system consisted of two parts, i.e., the loading device and the image acquisition system. [Fig 2](#pone.0231464.g002){ref-type="fig"} shows the setup of the experimental system. The experimental loading device was a RLJW-2000 hydraulic servo testing machine with a maximum axial load of 3000 kN and a maximum horizontal load of 1500 kN. The data recording frequency range of the loading device was 1×10^−5^ to 30 Hz; and the strain loading rate was 1×10^−7^ to 1×10^−2^ mm/s. The image acquisition system included a CCD camera, a high-speed camera, and a high-speed camera trigger device. CCD is the most commonly used image sensor for machine recording. In this experiment, the model of the CCD camera used was acA1600-20gm. The CCD camera was used to collect the speckle images on the surface of the specimens throughout the process, with an acquisition rate of 5 frames per second and an object surface resolution of 0.20 mm per pixel. The high-speed camera was an industrial digital camera, which converted digital image capture targets into image signals and sent them to a dedicated image processing system. The image system performed various operations on these signals to extract the features of the targets. The high-speed camera model used in this experiment was a Photron Fast Cam SA1.1. The high-speed camera was responsible for collecting images of the surface of the specimens during the transient process of the fault stick-slip motion. With the high-decibel sound emitted by the fault stick-slip as the triggering condition, the post-trigger mode was adopted with an acquisition rate of 4000 frames per second and an object surface resolution of 0.50 mm per pixel.

![Schematic of the test system.](pone.0231464.g002){#pone.0231464.g002}

Prior to the experiments, the time of the loading device and that of the image acquisition system were synchronized, and the image acquisition system was debugged. During the experiments, a vertical load was applied to the specimens and remained constant once it reached 25 MPa, which was the preset value. Then, the CCD camera and the high-speed camera were used simultaneously to capture the speckle images on the surface of the specimens as reference images for the digital speckle correlation method. Finally, in the displacement control-loading mode, the specimens were loaded horizontally at the designated loading rate. In addition, the CCD camera was used to collect the speckle images on the surface of the specimens throughout the process, and the high-speed camera was activated by the post-trigger mode to acquire the speckle images on the surface of the specimens during each fault stick-slip motion until the end of the experiments.

Results and discussion {#sec003}
======================

Characteristics of the stress evolution of the fault stick-slip at different loading rates {#sec004}
------------------------------------------------------------------------------------------

[Fig 3](#pone.0231464.g003){ref-type="fig"} shows the typical loading curves for the six predefined loading rates. To better display the loading curves, only the first three stick-slip processes are presented. [Table 1](#pone.0231464.t001){ref-type="table"} shows the values of the stress drops corresponding to the results in [Fig 3](#pone.0231464.g003){ref-type="fig"}, where the marked points correspond to the analysis time of the displacement field. As shown in the [Fig 3](#pone.0231464.g003){ref-type="fig"} and [Table 1](#pone.0231464.t001){ref-type="table"}, the starting time of the first stick-slip of the specimens decreased as the loading rate increased, and the time it took for the stick-slip to occur decreased with increasing loading rate. The shear stress of the first stick-slip was 12.55--14.43 MPa, and the stress drop varied from 0.23 MPa to 1.14 MPa, indicating an insignificant correlation between the shear stress and the stress drop of the first stick-slip and the loading rate.

![Loading curves for the test.](pone.0231464.g003){#pone.0231464.g003}

10.1371/journal.pone.0231464.t001

###### Stress drop value.

![](pone.0231464.t001){#pone.0231464.t001g}

  Loading rate (μm/s)             4      6      8      10     15     20
  ------------------------------- ------ ------ ------ ------ ------ ------
  Stress drop (MPa), 1^st^ slip   1.14   0.66   0.72   0.43   0.93   0.23
  Stress drop (MPa), 2^nd^ slip   1.95   1.66   1.65   1.21   0.94   0.78
  Stress drop (MPa), 3^rd^ slip   2.67   1.31   2.30   1.43   1.22   0.60
  Stress drop (MPa), 4^th^ slip   2.61   1.82   2.96   1.37   1.24   0.89
  Stress drop (MPa), 5^th^ slip   2.84   1.91   3.34   1.52   1.51   1.03
  Stress drop (MPa), 6^th^ slip   3.89   2.23   3.74   1.83   1.65   0.96

The shear stresses before and after the stick-slip were divided by the normal stress to obtain the static friction coefficient and the dynamic friction coefficient, respectively \[[@pone.0231464.ref018]\]. The curve illustrating the relationship between the loading rate and the static friction coefficient and the curve illustrating the correlation between the loading rate and the dynamic friction coefficient were plotted based on the averages of the static friction coefficients and the dynamic friction coefficients of the first three stick-slips at each loading rate ([Fig 4](#pone.0231464.g004){ref-type="fig"}). As can be seen from [Fig 4](#pone.0231464.g004){ref-type="fig"}, as the loading rate increased, the static friction coefficient fluctuated, implying an insignificant correlation between the loading rate and the static friction coefficient. Whereas, the dynamic friction coefficient increased as the loading rate increased. According to the above analysis, the slip characteristics during the inter-slip periods were more susceptible to the friction surface, and compared with the slip characteristics during the inter-slip period, the slip characteristics during the stick-slip period were more affected by the loading rate.

![Coefficients of static friction and coefficients of dynamic friction under different loading rates.](pone.0231464.g004){#pone.0231464.g004}

Characteristics of the displacement evolution of the fault stick-slip at different loading rates {#sec005}
------------------------------------------------------------------------------------------------

The digital speckle correlation method was used to analyze the speckle image on the surface of the specimen collected by the CCD camera during the loading process, thereby obtaining the evolution of the displacement field of the fault stick-slip, the corresponding relationship between the slip displacement of the fault stick-slip, the loading curve, and the evolution characteristics of the slip rate during the fault stick-slip at different loading rates.

Based on the evolution of the displacement field of the fault stick-slip, the evolution characteristics of the displacement of the fault stick-slip were similar under different loading rates. For a single stick-slip, the displacement generally underwent a uniform evolution phase, a non-uniform evolution phase, and an overall slip phase. Taking the deformation evolution analysis of the specimen at a loading rate of 10 μm/s ([Fig 1](#pone.0231464.g001){ref-type="fig"}) as an example, the horizontal displacement contour map of the sliding block obtained using the digital speckle correlation method (the displacement direction was the same as the displacement loading direction) is shown in [Fig 5](#pone.0231464.g005){ref-type="fig"}, in which the displacement contour interval was set to 0.02 mm. The point in time shown in [Fig 5A](#pone.0231464.g005){ref-type="fig"} corresponds to the time of Marked Point 1 in [Fig 3](#pone.0231464.g003){ref-type="fig"}. When the shear stress was 5.97 MPa, the displacement contours of the sliding block were sparse, the displacement value gradually decreased from the loading end to the fixed end, and the maximum displacement value was approximately 0.11 mm. The point in time shown in [Fig 5B](#pone.0231464.g005){ref-type="fig"} is consistent with that of Marked Point 2 in [Fig 3](#pone.0231464.g003){ref-type="fig"}. When the shear stress was 9.69 MPa, the contours near the loading end were relatively dense and approximately parallel, the displacement value gradually decreased from the loading end to the fixed end, and the maximum displacement value was approximately 0.24 mm, indicating that the fault displacement was in the uniform evolution phase. The point in time shown in [Fig 5C](#pone.0231464.g005){ref-type="fig"} corresponds to that of Marked Point 3 in [Fig 3](#pone.0231464.g003){ref-type="fig"}. When the shear stress was 13.62 MPa, the displacement of the sliding block at this moment increased significantly compared with that at the previous moment; the contours became denser, but the contours in different areas had different densities; and the maximum displacement value was approximately 0.71 mm, indicating a non-uniform displacement evolution. The point in time shown in [Fig 5D](#pone.0231464.g005){ref-type="fig"} is consistent with that of Marked Point 4 in [Fig 3](#pone.0231464.g003){ref-type="fig"}. When the fault stick-slip had already occurred and the shear stress was 13.19 MPa; the displacement of the sliding block experienced a mutation, but the intensity and distribution characteristics of the contours did not change significantly, and the maximum displacement was approximately 0.74 mm; indicating an overall slip phase.

![Displacement fields of the sliding blocks **(a)** Marked Point 1. (b) Marked Point 2. (c) Marked Point 3. (d) Marked Point 4.](pone.0231464.g005){#pone.0231464.g005}

The slip displacement of the fault stick-slip was calculated as follows: a 5 mm × 5 mm computation window 5 mm above and below the fault slip surface was selected, as shown in [Fig 6](#pone.0231464.g006){ref-type="fig"}. The average displacement of the speckles in the computation window represents the displacement of the central point in the computation window, and the difference between the displacement components in the x-direction of the central point in the two computation windows denotes the slip displacement of the fault stick-slip.

![Method for calculating the fault slip displacement.](pone.0231464.g006){#pone.0231464.g006}

According to the slip displacement of the fault stick-slips at different loading rates, for the same loading rate, there was a positive relationship between the slip displacement of the fault stick-slip and the stress drop, i.e., the stress drop increased with increasing sliding displacement. However, based on a comparison of the different loading rates, there was no relationship between the slip displacement and the stress drop. The evolution characteristics of the slip displacement of the fault stick-slip were analyzed at a loading rate of 4 μm/s. As can be seen from [Fig 7](#pone.0231464.g007){ref-type="fig"}, the sliding displacement of the rock interface was small during the period of slowly increasing shear stress (about 0--89 s). According to the analysis, this stage involved the compaction of the initial micro-bumps, which were randomly distributed by the sliding interface under normal stress. During the stage of approximately linear growth in shear stress (about 89--249 s), the interface sliding displacement increased non-linearly. According to the analysis, this stage was mainly caused by the non-uniform deformation of the sliding interface caused by the shear stress. During the stick-slip period, the interface sliding displacement suddenly increased, corresponding to a sudden drop in the shear stress. During the stick-slip period, the change in the interface sliding displacement was small, and the corresponding shear stress increase approximately linearly. Among them, the stress drop of the first stick-slip was 1.14 MPa, and the slip displacement was 0.10 mm. The stress drop of the second stick-slip was 1.95 MPa, and the slip displacement was 0.16 mm. The stress drop of the third stick-slip was 2.67 MPa, and the slip displacement was 0.27 mm. The stress drop of the fourth stick-slip was 3.03 MPa, and the slip displacement was 0.28 mm. The stress drop of the fifth stick-slip was 3.24 MPa, and the slip displacement was 0.31 mm. The stress drop of the sixth stick-slip was 3.91 MPa, and the slip displacement was 0.39 mm. For a given specimen, the increase in the stress drop occurred due to the sudden increase in the stick-slip displacement of the fault.

![The shear stress and fault slip displacement curves.](pone.0231464.g007){#pone.0231464.g007}

The evolution of the slip rate of the fault during the stick-slip period indicates that the slip rate of the fault increased initially and then decreased; and as the number of stick-slips increased, the rate curve fluctuated and a significant multi-peak evolution occurred. There was no correlation between the slip rate, the stress curve, and the loading rate. [Fig 8](#pone.0231464.g008){ref-type="fig"} shows the evolution of the slip rate of the fault during the stick-slip period at a loading rate of 4 μm/s. As can be seen from [Fig 8](#pone.0231464.g008){ref-type="fig"}, during the first stick-slip event and the second stick-slip event, the sliding rate increased rapidly in the initial stage of stick-slip, and then, it decreased to a stable state. In the third to sixth stick-slip events, the slip rate increased rapidly in the beginning of the slide, and then, it decreased. After this, the rate increased during the decline, reaching a new peak value of the rate, and then, it fluctuated around a stable state. [Table 2](#pone.0231464.t002){ref-type="table"} shows the increase in slip rate during the initial sticky slip from the first stick-slip to the sixth stick-slip event.

![The evolution curve of the slip rate during the fault stick-slip process.](pone.0231464.g008){#pone.0231464.g008}

10.1371/journal.pone.0231464.t002

###### Increase in slip rate in the initial stage of the stick-slip.

![](pone.0231464.t002){#pone.0231464.t002g}

  Times of stick slip   1^st^ slip   2^nd^ slip   3^rd^ slip   4^th^ slip   5^th^ slip   6^th^ slip
  --------------------- ------------ ------------ ------------ ------------ ------------ ------------
  Slip rate(m/s)        0.35         0.48         0.59         0.58         0.64         0.56

According to the above results of the evolution of the displacement field of the fault under different loading rates, the corresponding relationship between the slip displacement, the loading curve of the fault stick-slip, and the evolution characteristics of the slip rate of the fault during the stick-slip periods, the evolution of the displacement fields of the fault stick-slip was similar for different loading rates, showing three phases: uniform evolution, non-uniform evolution, and overall slip. Under different loading conditions, the slip displacement and the rate of the fault stick-slip were not correlated with the stress drop and loading rate of the loading curve.

Magnitude and stress drop of fault stick-slip at different loading rates {#sec006}
------------------------------------------------------------------------

Magnitude of the fault stick-slip: The magnitudes used in seismic studies include the Richter magnitude, the body wave magnitude, the surface wave magnitude, and the moment magnitude. In this study, the seismic moment M0 was used to analyze the moment magnitude of the fault stick-slip. The seismic moment M0 is a physical quantity characterizing the seismic intensity: $$M_{0} = GDA,$$ where G is the shear modulus of the rock, D is the displacement of the fault stick-slip, and A is the area of the slip surface of the fault.

The seismic moment M0 was obtained using [Eq (1)](#pone.0231464.e001){ref-type="disp-formula"}, and then, the moment magnitude MW was calculated based on the empirical relationship between the seismic moment M0 and the moment magnitude MW \[[@pone.0231464.ref025],[@pone.0231464.ref006]\]: $$Mw = \frac{2}{3}\text{lg}M_{0} - 6.07.$$

Stress drop of the fault stick-slip: A fault stick-slip is a high-speed dynamic evolution process. Due to the low stress acquisition frequency of the experimental loading device commonly used, the actual stress drop in the fault stick-slip process cannot be accurately reflected. Consequently, the stress drop of the fault stick-slip process at the laboratory scale is several times higher than the on-site seismic stress drop, which leads to the illusion that the stress drop of small-scale earthquakes is higher than that of natural earthquakes. In the stress drop process, the speed change is not a simple linear decrease, but rather it is a complex deformation process. The speed evolution process includes multiple frequency components, the swing amplitude is large, and the speed high-frequency oscillation duration is short, but it is the main release of energy. During this stage, the strain and displacement also exhibit complex characteristics during the instability, and high-frequency oscillations occur. Since the stress drop determined in the experiments generally monotonically decreased, the actual stress drop was estimated based on the following equation \[[@pone.0231464.ref006]\]: $$\Delta\sigma_{V} = \Delta\sigma \cdot \frac{t_{V}}{t},$$ where Δ*σ* is the total stress drop, *t*~*V*~ is the time of the sudden displacement during stick-slips, and t is the time of the actual stress drop.

Taking the third stress drop of the specimen at a loading rate of 20 μm/s as an example, the duration of the fault stick-slip acquired by the high-speed camera was 0.001 s, the time of the stress drop acquired by the test machine was 0.31 s, and the total stress drop was 0.60 MPa. Consequently, the actual stress drop corresponding to the specimen was 1.93 × 10^−3^ MPa.

According to the above method, the effects of the loading rate on the magnitude and stress drop of the fault stick-slip were studied based on the experimental results obtained for the different loading rates.

[Fig 9](#pone.0231464.g009){ref-type="fig"} shows the relationship between the magnitude and the actual stress drop under different loading rates. As can be seen from [Fig 9](#pone.0231464.g009){ref-type="fig"}, under the same vertical stress, the magnitude corresponding to the different loading rates is correlated with the actual stress drop. As the actual stress drop increased, the magnitude increased, indicating an approximately linear evolution. The magnitude obtained in the experiments ranged from −3.3 to −2.7.

![The relationships between the magnitude and the actual stress drop at different loading rates.](pone.0231464.g009){#pone.0231464.g009}

[Fig 10](#pone.0231464.g010){ref-type="fig"} shows the relationship between the magnitude, the actual stress drop, and the loading rate based on their average values. As the loading rate increased, the magnitude decreased; and as the loading rate increased, the actual stress drop decreased.

![Magnitude and actual stress drop responses to the loading rate.](pone.0231464.g010){#pone.0231464.g010}

The loading rate is negatively correlated with the magnitude, and the actual stress drop is related to the rate-state dependent frictional constitutive relationship. \[[@pone.0231464.ref026],[@pone.0231464.ref027],[@pone.0231464.ref028]\] proposed a rate-state-dependent frictional constitutive relationship after a large number of experimental studies, which explains the friction and sliding instability mechanism of rocks well. The theory holds that friction is a function of the sliding rate and state variables, and the state variables represent the physical state of the contact surface. The sliding fault system has a critical stiffness determined by the friction parameters. When the effective elastic stiffness of the fault is less than the critical stiffness, the system will be unstable, i.e., an earthquake will occur. When the stiffness of the fault is slightly less than or close to the critical stiffness, the instability of the fault gradually becomes insignificant, and this is more characteristic of slow slip. That is, the loading rate and the state variables have an effect on the sliding characteristics of the fault. Based on the evolution results of the effects of the different loading rates on the stick-slip magnitude and stress drop of the fault in this experiment, even if the sliding properties of the fault have not changed, the magnitude and stress drop of the fault also the characteristics of stable sliding.

Conclusions {#sec007}
===========

In this experimental study, we simulated fault stick-slip using a double-sided shear experiment. The stress evolution and displacement evolution characteristics at different loading rates as well as the relationships between the stress drop, magnitude, and loading rate were obtained. The following main conclusions are drawn based on our results.

1.  The evolutions of the displacement fields of the fault stick-slips were similar for different loading rates, i.e., the displacements exhibited three phases: uniform evolution, non-uniform evolution, and overall slip.

2.  There was a correlation between the magnitudes corresponding to the different loading rates and the actual stress drop, which was generally exhibited as an approximately linear increase in magnitude with increasing actual stress drop.

3.  The relationships between the magnitude and the actual stress drop and the loading rate can be generally expressed as follows: the magnitude decreased as the loading rate increased, whereas the actual stress drop decreased as the loading rate increased.

4.  As the loading rate increased, although the sliding properties of the fault did not change, the magnitude and the stress drop of the fault also exhibited the characteristics of stable sliding.

The authors would like to thank Letpub for the English language editing.
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1\) The authors conduct an interesting experimental study on stick-slip characteristic of faults at different load rates, which is extensively and intensively used in underground mine operations worldwide. As reviewer, I am very pleased to suggest the manuscript to be accepted for publication through aforementioned minor revisions. All comments and suggestions are as follows;

2\) The English of the paper needs some editing. There are many typos in the paper

3\) Introduction

The introduction is well articulated and the objective is well defined. However, the English needs to be edited

4\) Materials and Methods

\- The English needs to be edited

5\) Please note, too many details are missed in this section. Why you choose the granite rock as the materials? It also didn't give the interface roughness information which is important for evaluating the slide characters. The load equipment details, and why you choose such a series of load rates and a 25MPa vertical load? Moreover, give more details about the CCD and high speed camera.

6\) Results and Discussion

7\) The English needs to be edited, and you should explain what's driving the phenomenon.

8\) The results about the first stick-slip time varying the load rate are already well-known; they are not new. The reviewer suggests to the author to get more familiar with deformation and stress state in the interface which are responsible for the stick-slip character.

9\) The results is lack of the mechanisms that can explain the phenomenon, the author should give more details.

Reviewer \#2: This manuscript focuses on the fault stick-slip at different loading rates, and double-sided shear tests were conducted and the digital speckle correlation method were adopted for analysis. Besides the description of relevant experimental results, this article lacks theoretical analysis. Although the authors cited the empirical formulas of relevant scholars, they did not carry out an in-depth comparative analysis or not obtained new formulas containing the loading rate factor for reference. Therefore, this article also needs to be greatly improved and modified. Major revision is suggested. In addition, there are some details that need to be modified, as follows:

1)Some citations cannot be found in the references. Please check the full text carefully, for example: Guo et al.(2014).

2)More stick-slip stages are suggested to illustrate in Table 1 and Figure 3, only three stick-slip stages are not enough.

3)Fig. 9 shows the relationship between the magnitude and the actual stress drop under different loading rates, but there are so little points for some loading cases, such as 8,10,15μm/s. In addition, these data show that linear fitting may not be appropriate, please consider it.

4)Lines 221 to 227, please avoid this writing style, you can add a chart to explain it. Moreover, "For a given specimen, the slip displacement of the fault stick-slip increased as the stress drop increased." In opinion of the reviewer, the stress drop should attribute to the sudden increase in displacement, not the opposite.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

###### 

Submitted filename: comments for the tgeo-2019-0111 paper.docx

###### 

Click here for additional data file.
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13 Mar 2020

-Reviewer 1

The authors conduct an interesting experimental study on stick-slip characteristic of faults at different load rates, which is extensively and intensively used in underground mine operations worldwide. As reviewer, I am very pleased to suggest the manuscript to be accepted for publication through aforementioned minor revisions. All comments and suggestions are as follows;

1\) The English of the paper needs some editing. There are many typos in the paper

Authors' response:

Thank you for your suggestion. It has been modified as required in the manuscript.

2\) Introduction

The introduction is well articulated and the objective is well defined. However, the English needs to be edited

Authors' response:

Thank you for your suggestion. It has been modified as required in the manuscript.

3\) Materials and Methods

The English needs to be edited

Authors' response:

Thank you for your suggestion. It has been modified as required in the manuscript.

4\) Please note, too many details are missed in this section. Why you choose the granite rock as the materials? It also didn't give the interface roughness information which is important for evaluating the slide characters. The load equipment details, and why you choose such a series of load rates and a 25MPa vertical load? Moreover, give more details about the CCD and high speed camera.

Authors' response:

Thank you for your question.

(1)Granite is the most widely distributed in the stratum.The fault slip encountered in practical engineering generally occurs in the geological conditions of granite.It is universal to choose granite as experimental material.

(2)Under the condition of 25MPa vertical load, the roughness has little effect on the friction coefficient, and has great effect on the friction property. The main research object of this paper is the characteristics of fault stick slip. The main variable in the experiment is the loading rate. From the following calculation formulas,t can be known that the interface roughness is not a calculation parameter when calculating the magnitude of fault stick-slip and the stress drop.So it is not necessary to give the interface roughness.

(3)The load equipment details have been added in the Materials and Methods section. The content is as follows:"The experimental loading device was a RLJW-2000 hydraulic servo testing machine with a maximum axial load of 3000 kN and a maximum horizontal load of 1500 kN. The data recording frequency range of the loading device was 1×10−5 to 30 Hz; and the strain loading rate was 1×10−7 to 1×10−2 mm/s."

(4)The higher the loading rate, the more stable the sliding.The lower the loading rate, the more unstable the sliding, and the more prone to stick-slip. Therefore, when the loading rate is small, the speed rate of each test increases less.

(5)When the loading rate is greater than 10, the speed rate of each test increases greatly.When the vertical pressure is less than 20 MPa, the surface roughness of the sample has a greater effect on the friction coefficient. When the vertical pressure is greater than 30 MPa, the sample will have some deformation. 25 MPa selected by comprehensive consideration.

(6)Details of CCD cameras and high-speed cameras have been added in the materials and methods section.The content is as follows:"CCD is the most commonly used image sensor for machine recording. In this experiment, the model of the CCD camera used was acA1600-20gm."and "The high-speed camera was an industrial digital camera, which converted digital image capture targets into image signals and sent them to a dedicated image processing system. The image system performed various operations on these signals to extract the features of the targets. The high-speed camera model used in this experiment was a Photron Fast Cam SA1.1. "

6\) Results and Discussion

The English needs to be edited, and you should explain what's driving the phenomenon.

Authors' response:

Thank you for your suggestion. It has been added as required in the Conclusions.The content is as follows:"(4) As the loading rate increased, although the sliding properties of the fault did not change, the magnitude and the stress drop of the fault also exhibited the characteristics of stable sliding."

8\) The results about the first stick-slip time varying the load rate are already well-known; they are not new. The reviewer suggests to the author to get more familiar with deformation and stress state in the interface which are responsible for the stick-slip character.

Authors' response:

Thank you for your suggestion. It has been modified as required in the Conclusions section of the manuscript.

9\) The results is lack of the mechanisms that can explain the phenomenon, the author should give more details.

Authors' response:

Thank you for your suggestion. Theoretical analysis and interpretation were added to the Results and discussion.The content is as follows:lines 229 to 239,lines 254 to 259,lines 291 to 296,lines 322 to 335.

-Reviewer 2

This manuscript focuses on the fault stick-slip at different loading rates, and double-sided shear tests were conducted and the digital speckle correlation method were adopted for analysis. Besides the description of relevant experimental results, this article lacks theoretical analysis. Although the authors cited the empirical formulas of relevant scholars, they did not carry out an in-depth comparative analysis or not obtained new formulas containing the loading rate factor for reference. Therefore, this article also needs to be greatly improved and modified. Major revision is suggested.

Authors' response:

Thank you for your suggestion.Theoretical analysis and interpretation were added to the Results section of the manuscript.The content is as follows:lines 229 to 239,lines 254 to 259,lines 291 to 296,lines 322 to 335.

In addition, there are some details that need to be modified, as follows: Some citations cannot be found in the references. Please check the full text carefully, for example: Guo et al.(2014).

Authors' response:

Thank you for your suggestion.We modified the format of the references.

2)More stick-slip stages are suggested to illustrate in Table 1 and Figure 3, only three stick-slip stages are not enough.

Authors' response:

Thank you for your suggestion.We changed the original three stick-slip stages to six.

3)Fig. 9 shows the relationship between the magnitude and the actual stress drop under different loading rates, but there are so little points for some loading cases, such as 8,10,15μm/s. In addition, these data show that linear fitting may not be appropriate, please consider it.

Authors' response:

Thank you for your suggestion.As the loading rate increases, the sliding will tend to be stable, and the number of stick-slips will decrease. So there are fewer points. The fitted lines for the points of 8, 10, and 15 μm / s are yellow, green, and red line segments, as shown in the following figure. We can find that the two fit well.

4)Lines 221 to 227, please avoid this writing style, you can add a chart to explain it. Moreover, "For a given specimen, the slip displacement of the fault stick-slip increased as the stress drop increased." In opinion of the reviewer, the stress drop should attribute to the sudden increase in displacement, not the opposite.

Authors' response:

Thank you for your suggestion.We changed "For a given specimen, the slip displacement of the fault stick-slip increased as the stress drop increased." to "For a given specimen, the increase in the stress drop occurred due to the sudden increase in the slip-slip displacement of the fault."

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.
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Dear Dr. Jia,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.
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Additional Editor Comments (optional):

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: N/A

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The English of the paper have been reedited and meets the requirement of this journal, i agree that the editor can accept this paper.

Reviewer \#2: It is a second round review. The authors reviesed the manuscript carefully and the quality of the paper is much improved. I suggest the manuscript be accepted for publication.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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